Background and aims: Psychological factors have been implicated in the aetiology of irritable bowel syndrome characterised by intestinal altered motility and visceral hypersensitivity. Similar disorders have been found in rats under stressful conditions. The role of tachykinins in bowel dysfunctions caused by stress is not fully documented. Therefore, we investigated the influence of stress on NK1 receptor activation at the colonic level in female rats. Methods: The stress procedure used consisted of two hours of partial restraint. Histamine release was measured from colonic samples of control and stressed animals and the effect of SR140333, a NK1 receptor antagonist, on substance P induced histamine release was determined. Involvement of steroids has been evaluated in this response. Results: NK1 receptor antagonist was found to inhibit substance P induced histamine release in samples from stressed female rats but not in samples from control animals. Previous treatment of female rats with RU 486 abolished this effect observed in stressed animals. Similarly, in samples from stressed female rats previously ovariectomised, SR140333 failed to inhibit substance P induced histamine release but previous treatment with both progesterone and oestrogen restored its effect. Conclusions: Stress induces NK1 receptor activation in the colon, and ovarian steroids are involved in this response.
E motional and environmental stressful stimuli are known to affect gastroenterological functions and have been proposed to contribute to the clinical manifestation of irritable bowel syndrome (IBS) of which mainly women are affected. 1 2 These manifestations, such as altered gut motility and sensitivity, are similar to those initiated by stressful stimuli in rats. 3 4 Thus experimental models have been developed to evaluate the effect of stress on lower gut function in rats. Exposure to acute stress such as immobilisation or fear of receiving an electric foot shock was shown to increase intestinal permeability 5 and mucin secretion, 6 and to stimulate colonic motility and defecation. 7 It was shown that immobilisation stress leading to colonic mucin release is associated with gastrointestinal mast cell activation. 6 Furthermore, mast cell stabilisation may prevent the stress induced visceral hypersensitivity to rectal distension in female rats. 4 Mast cells have been shown to be activated by stress in various organs. Indeed, immobilisation stress induces mast cell degranulation in the dura mater 8 or activates ileal mast cells by intragranular changes in rats. 9 In addition, restraint stress was found to activate bladder mast cells. 10 Intestinal mast cells are closely apposed to afferent nerves endings 11 and may be activated by immune or non-immunological stimuli, including neurotransmitters, neuropeptides, 12 and nerve stimulation. 13 Activated mast cells are known to release preformed or newly generated biologically active molecules such as histamine, proteases, eicosanoids, and cytokines.
14 Substance P (SP) released from sensory nerves is one of the neuropeptides that can activate mast cells but relatively high concentrations of SP are required to degranulate mast cells. 15 Direct activation of G protein in the mast cell membrane by SP is the currently proposed mechanism involved in triggering histamine release. 16 However, there is increasing evidence for a receptor mediated effect of SP on mast cells. 17 Several mast cell lines may express specific functional NK1 receptors which can recognise the C terminal sequence of SP peptide. Thus recent findings demonstrated the presence of functional NK1 receptors on RBL-2H2 cells, a mucosal like mast cell line, 18 and murine lymphocytes 19 have also been reported to exhibit NK1 receptors. Moreover, when injected in vivo, SP can induce oedema formation through a NK1 receptor mediated mechanism, involving mast cells. 17 On the other hand, tachykinins are candidate excitatory transmitters participating in the regulation of intestinal motility. 20 However, the role of tachykinins in bowel dysfunction caused by stress has not been fully documented in rats. It has been suggested that activation of NK1 receptors by SP released from the intrinsic neurones of the colon may play a major role in stress induced colonic dysfunction in rats. 21 While several experimental studies have found an association between stress and levels of SP both at central and peripheral levels, 22 23 no data are available regarding the influence of stress on tachykinin receptor population and/or expression. Stressful events were shown to modulate serum steroid levels in rats and a regulatory role for ovarian steroid hormones was described for tachykinin receptor expression. [24] [25] [26] Consequently, in this study our aim was to establish at the colonic level in female rats: (i) whether NK1 receptor activation is involved in the response of mast cells to in vitro stimulation with SP, under basal versus acute restraint stress conditions, (ii) if NK1 receptor activation is neuronally mediated, and (iii) whether adrenal or ovarian steroids are involved in stress induced NK1 receptor mediation of the SP effect on mast cell degranulation.
MATERIAL AND METHODS
Partial restraint stress procedure Female Wistar rats, weighing approximately 250 g, were kept in plastic cages and housed under controlled conditions on a 12:12 hour light-dark cycle. They were provided with food and water ad libitum. All experiments were performed at the same time of day (between 10:00 and 12:00 am) to minimise any influence of circadian rhythms. Stress effects were studied using the wrap partial restraint stress model. 4 Animals were lightly anaesthetised with ethyl ether, and their fore shoulders, upper forelimbs, and thoracic trunk were wrapped in a confining harness of paper tape to restrict, but not to prevent, body movements. Then, the animals were placed in their home cage for two hours. The rats recovered from ethyl ether within 2-3 minutes and immediately moved about in their cages, with the restricted mobility of their forelimbs preventing grooming behaviour. Control sham stress animals were anaesthetised but not wrapped and were allowed to move freely in their cages. The restraint stress at room temperature used here is a mild and non-ulcerogenic stressor which reproduces the symptoms associated with stress related colonic dysfunction in humans, suggesting that it may be a suitable model for studying the effect of stress on the gastrointestinal tract.
Measurement of in vitro histamine release
Fifteen minutes after the end of the stress session, animals were sacrificed and exsanguinated, as approved by the local ethics committee. The colon was rapidly removed and cut longitudinally. Colonic segments (0.5 cm length) were then placed in Ringer's solution where tested compound had been added. After an incubation period, histamine concentration was evaluated in the supernatant with a radioimmunoassay kit using polyclonal histamine antibodies (Immunotech, Marseille, France). Histamine levels were expressed in nanomoles per gram of tissue and histamine values under SP stimulation were corrected for spontaneous histamine release in the absence of any degranulating agent.
Ovariectomy procedure Animals were anaesthetised using acepromazine (0.6 mg/kg intraperitoneally) and ketamine (120 mg/kg intraperitoneally) and a bilateral ovariectomy was performed. Briefly, the fallopian tubes were ligated below the ovaries which were then excised, and muscle and skin wounds closed using silk suture. Sham surgery consisted of externalising the ovaries from the abdominal cavity and replacing them without being excised. Animals were allowed a two week period of rest before the beginning of the protocol.
Vaginal smear
The hormonal status of each animal was evaluated by a vaginal smear after Haris Shorr staining. Only the female in proestrus, which corresponds to a hormonal status combining both oestradiol and progesterone impregnation, were selected in our studies. The effectiveness of ovariectomy and hormonal progesterone or oestrogen treatments were systematically controlled by vaginal smear. Sham operated rats also underwent evaluation by vaginal smear, based on microscopic readings, to assess the phase of their ovarian cycle.
Experimental design
Six series of experiments were performed.
In the first series of experiments, two groups of eight female rats were used. One group was subjected to partial restraint stress (two hours) and the second group was used as a control (sham stress). As described above, measurement of in vitro histamine release was performed on colonic samples from these animals. Mast cell histamine release was triggered by SP (3×10
, 1×10 −5 M), a selective NK1 receptor agonist, each incubated for one hour.
In the second series of experiments, two groups of eight female rats were used: one group was subjected to the partial restraint stress procedure and another group was used as controls (sham stress). Similarly, measurement of in vitro histamine release was performed on colonic samples from these animals. Mast cell histamine release was triggered by one hour of incubation with SP (3×10 −5 M) in the absence or presence of SR140333 (3×10 −5 M), a non-peptide tachykinin NK1 receptor antagonist, added to the buffer solution two hours before SP. This experiment investigated whether restraint stress can influence the potential involvement of NK1 receptor in SP induced histamine release.
In the third series of experiments, one group of eight female rats subjected to the stress procedure was used. The effects of in vitro pretreatment of colonic samples with the neuronal blocker tetrodotoxin (TTX) at a dose of 10 −6 M (incubation period 15 minutes) was evaluated on histamine release induced by SP (3×10 −5 M). Three additional groups of female rats, including a control (sham stress) group and two stressed groups, were used in the fourth series. One of the stressed group received the glucocorticoid receptor antagonist RU 486 (4 mg/0.2 ml olive oil/rat subcutaneously) 30 minutes before the stress session. The second stressed group and the control groups received only olive oil (0.2 ml/rat subcutaneously). As previously described, animals were sacrificed 15 minutes after the end of the stress session, and the colon was rapidly removed and placed in Ringer's solution. Then, mast cells were stimulated in vitro with SP (3×10 −5 M) and the ability of SR140333 (3×10 −5 M) to antagonise histamine release was evaluated.
In the fifth series of experiments, three groups of eight female rats were used. One group was bilaterally ovariectomised and two groups underwent a sham operation. The stress protocol was applied to one sham ovariectomised group and to the ovariectomised animals. Then, the effects of SP in the absence or presence of SR140333 on histamine release from colonic samples were evaluated in vitro.
In the final set of experiments, five groups of eight female Wistar rats were used, including four groups that underwent bilateral ovariectomy and one sham ovariectomised group. All were subjected to a restraint stress session. Ovariectomised animals received oestradiol 5 µg, progesterone 500 µg dissolved in 0.2 ml of olive oil, or both oestradiol and progesterone, subcutaneously one hour before the stress session. Sham ovariectomised animals and the last ovariectomised group received vehicle (0.2 ml olive oil/rat subcutaneously) before stress. As documented above, in vitro mast cell stimulation was performed with SP (3×10 −5 M) with or without previous treatment with the NK1 receptor antagonist SR140333 (3×10 −5 M). All experimental procedures were approved by the local animal care and use committee.
Drugs
Progesterone (4-pregnene-3, 20-dione), oestrogen (1, 3, 5[10]-estratriene-3, 17β-diol, 3-benzoate), and the neuronal blocker TTX were purchased from Sigma Chemical (St Quentin Fallavier, France). The antiprogestin RU 486 (mifepristone) was a gift from Roussel-Uclaf (Paris, France).
The tachykinin NK1 agonist GR73632 (δ-amino valeryl (L-Pro9, N-MeLeu10)-substance P(7-11)) was obtained from RBI (Bioblock, Illkirch, France) and the non-peptide
2.2]octane chloride) was a gift from Dr Emonds-Alt (Sanofi Research, Montpellier, France). Substance P (acetate salt) was purchased from Bachem (Voisins le Bretonneux Cedex, France).
The doses used for each compound were selected after extended review of the literature.
Statistical analysis
Histamine release was expressed in nanomoles per gram of tissue and presented as mean (SEM). After one way analysis of variance, differences in histamine levels were assessed using the paired Student's t test, and unpaired t test for control versus stress comparisons. Differences were considered significant at p<0.05.
RESULTS
Effect of stress on in vitro histamine release induced by SP and GR73632 Spontaneous histamine release from colonic samples was found to be very low and similar in both the control and stress groups (0.9 (0.1) v 1 (0.1) nmol/g tissue). From these basal values, SP significantly increased in vitro histamine release in the control and stress groups (3.9 (0.4) v 0.9 (0.1) (p<0.01) and 5.9 (1.7) v 1 (0.1) nmol/g tissue; p<0.01) with a higher level in stressed compared with control animals (5.9 (1.7) v 3.9 (0.4) nmol/g tissue; p>0.05) (fig 1) . In the control group, in contrast with SP, GR73632 at doses of 10 −8 to 10 −5 M did not cause a significant increase in in vitro histamine discharge compared with spontaneous release. However, GR73632 dose dependently (from 10 −8 to 10 −6 M) increased histamine release in samples from stressed animals but the highest dose of 10
M did not further increase histamine release. Also, GR73632 induced histamine release was found to be significantly higher in the stress group compared with controls ( fig 2) .
Influence of SR140333 and TTX on SP induced histamine release In colonic samples from control female rats, in vitro histamine release induced by mast cell activation with SP was not modified by in vitro pretreatment with the non-peptide NK1 receptor antagonist SR140333. Interestingly, in samples from stressed female rats, SP induced histamine release was found to be significantly reduced by previous treatment with SR140333 (2.5 (0.6) v 5.6 (0); p<0.05) (fig 3) . Furthermore, TTX failed to modify SP induced histamine release from colonic samples of stressed animals (fig 4) .
Influence of RU 486 and ovariectomy on blockage of SP induced histamine release by SR140333 An inhibitory effect of SR140333 on SP induced histamine release was found in stressed animals pretreated with vehicle (olive oil) (3.8 (0.6) v 5.7 (0.3); p<0.05). In contrast, in colonic samples from stressed animals pretreated with the glucocorticoid/progesterone receptor antagonist RU 486, SR140333 failed to reduce histamine release induced by SP ( fig 5) .
In colonic samples from stressed female rats submitted to sham ovariectomy, previous incubation with SR140333 significantly reduced SP induced histamine release (2.85 (0.5) v 6 (0.7); p<0.05). Interestingly, in samples from ovariectomised 
Stress
Substance P TTX + substance P Functional NK1 receptor in the colon of female ratsstressed rats, previous treatment with SR140333 failed to reduce histamine release triggered by SP (fig 6) . A similar inability of SR140333 to antagonise SP induced histamine release has been observed in colonic samples from stressed females previously ovariectomised and pretreated with oestradiol, progesterone, or vehicle alone (fig 7) . However, the efficacy of SR140333 in reversing SP induced histamine release from colonic samples was restored when ovariectomised animals were given combined treatment with oestradiol and progesterone (fig 7) .
DISCUSSION
This study provides the first evidence that in female rats, stress affects the involvement of colonic NK1 receptors in SP induced histamine release. In this report, we showed that GR73632, a specific NK1 receptor agonist, induced slight histamine release in samples from control animals while a greater response was found in samples from female rats subjected to restraint stress. Furthermore, SP was shown to trigger histamine release with a similar level in both control and stressed animals. This last result contrasts with previous findings which showed that in acutely stressed rats, the level of histamine release in response to compound 48/80 was significantly increased compared with a control group. 4 However, the cationic amphilic 48/80 compound acts differently than the neuropeptide SP in inducing histamine release and this may explain the differences in their effects on stress. Indeed, 48/80 compound is known to act on connective mast cells while the effect of SP is directed towards mucosal mast cells. In addition, whereas SP but not GR73632 caused significant histamine release in the basal state, comparable levels of histamine release were observed in samples from stressed animals after SP and GR73632 stimulation. Taken together, these results suggest that stress may enhance the reactivity to the NK1 agonist GR73632 in the colon. Similarly, we can hypothesise a switch from a non-receptor to a NK1 receptor mediated mechanism in the effect of SP on histamine release under basal compared with stress conditions, respectively. A direct action of SP on G protein in the mast cell membrane can be proposed under basal conditions while the NK1 receptor would be the predominant mechanism for SP after stress.
Hence we investigated whether NK1 receptors are involved in in vitro histamine release induced by SP under basal and stress conditions using the selective NK1 receptor antagonist SR140333. This compound has a high affinity for NK1 binding sites and acts as a competitive inhibitor of NK1 receptor mediated responses in various in vitro and in vivo tests. 27 Concerning the antagonistic effects of SR140333 on SP induced histamine release, our findings indicate that histamine release triggered by SP in colonic samples from control rats is non-receptor mediated while NK1 receptors are involved in this process after restraint stress. These results suggest that stress may have a regulatory role in NK1 receptor expression or functionality at the colonic level in female rats. Several studies have previously reported regulation of SP and NK1 receptor expression in stimulated situations such as in inflamed tissue 28 29 but no previous study has shown that stress affects NK1 receptor expression or activation. Conflicting reports on changes in SP content or NK1 receptor expression in the gut in inflammatory conditions have been published. Indeed, Manthy et al showed a dramatic increase in SP levels and binding sites in resected bowels from patients suffering from active Crohn's disease and ulcerative colitis. 30 In Figure 5 Histamine levels after in vitro stimulation with substance P (SP) (3×10 −5 M) in colonic samples from control or stressed female rats: incidence of pretreatment with the glucocorticoid/progesterone receptor antagonist RU 486 (4 mg/0.2 ml/rat) or vehicle (olive oil 0.2 ml/rat) on the ability of SR140333 (3×10 −5 M) to inhibit SP induced histamine release. Values are mean (SEM), n=8. *p<0.05, significantly different from vehicle values. contrast, other findings have shown that expression of SP receptors is altered but not increased during colitis induced by trinitrobenzene sulphonic acid in rats. 31 Furthermore, several animal studies have found an association between stress and SP levels. Restraint stress in rats was found to be associated with increased levels of SP in the periaqueductal grey area of the brain 32 and electric footshocks were shown to increase release of SP from rat adrenomedullary cells. 33 In humans, a recent study demonstrated that peripheral blood levels of SP may be influenced by anxiety. 34 Moreover, stress also increases immunoreactive SP levels in peritoneal fluid in mice. 35 Considering the similar occurrence of SP elevation in immune stimulated conditions such as inflammation and stress, it is possible that NK1 receptor expression is increased during stress, as described during inflammation. This hypothesis is supported by previous reports suggesting that stress may affect gene expression. For example, sustained stressors can alter the responsiveness of feedback systems by downregulation of adrenergic or serotoninergic receptors. 36 37 Moreover, restraint stress was described as changing gene expression of neuronal nitric oxide synthase in areas related to stress reactions. 38 Similarly, preproenkephalin mRNA levels within the limbic system and hypothalamus are regulated by acute stress. 39 As our results suggest the involvement of NK1 receptor in SP induced histamine release after stress, the question remains whether nerves are involved in these in vitro SP effects. Our study showed that previous incubation with the neuronal blocker TTX failed to abolish the response of SP under stress conditions suggesting a non-neuronally mediated mechanism. These results contrast with a recent finding in human colonic mucosa which indicates that mucosal nerves are involved in SP induced histamine release related to mast cell stimulation. 40 These conflicting results must be considered in terms of the stress level of the animals used in our study and species differences (rats v humans) in the two studies. Considering our data and because mast cells are a major source of histamine in the colonic mucosa, a direct effect of SP on mast cells can be proposed. Indeed, many studies demonstrated the ability of SP to promote mast cell activation resulting in histamine release. 40 A receptor independent pathway through direct activation of G protein in mast cell membranes has been proposed as the mechanism by which SP acts on mast cells. 41 On the other hand, there is evidence for a possible presence of NK1 receptors on mast cells. For example, recent findings demonstrated the presence of functional NK1 receptors on RBL-2H3 cells, a mucosal like mast cell line. 18 The present study showed that SR140333 was inefficient in antagonising SP induced histamine release in colonic samples from control animals, suggesting a non-NK1 receptor mediated mechanism under basal conditions. In the stress situation, our data suggest the involvement of NK1 receptor, possibly located on mast cells, in SP induced histamine release. This result suggests an increase in NK1 receptor expression related to stress stimulated conditions. However, we cannot exclude involvement of mediators released from other immunocytes that are resident or recruited during stress in colonic tissues, which may further induce mast cell activation and histamine release in response to SP stimulation. Concurrently, the hypothesis of stress induced regulation of NK1 receptor desensitisation may be proposed. Phosphorylation of NK1 receptors or interaction with β-arrestin may be affected by stress which consequently could attenuate desensitisation of the NK1 receptor. 42 In addition, stress could promote NEP (cell surface protease neutral endopeptidase) inhibition and then potentiate the effect of exogenous SP on NK1 receptors. 43 Because stress stimulates the hypothalamic-pituitaryadrenal axis, 44 we investigated the possible modulatory role of corticosteroids in stress induced activation of NK1 receptors using RU 486, a specific glucocorticoid/progesterone receptor antagonist. 45 Our results showed that in samples from stressed animals previously treated with RU 486, involvement of NK1 receptor in SP induced histamine release was abolished. These data suggest that under these experimental conditions, endogenous glucocorticoids are necessary for induction of NK1 receptors following restraint stress. These results are consistent with previous studies showing the regulatory potency of stress induced glucocorticoid release in modulating gene expression. For example, a direct mediatory role of glucocorticoids has been established for the increase in proenkephalin mRNA induced by stress in rats. 46 In addition, glucocorticoids were shown to be important for liver metallothionein protein synthesis during restraint stress. 47 However, to date, no data are available concerning the regulatory potency of glucocorticoids on tachykinin receptors. Furthermore, RU 486 acts as an antiprogestin on progesterone receptors suggesting the possible involvement of ovarian steroids in the occurrence of functional NK1 receptors on colonic mast cells. This hypothesis is confirmed by the inability of SR140333, an NK1 receptor antagonist, to block SP induced histamine release in colonic samples from ovariectomised animals subjected to restraint stress. A similar absence of blockade of SP induced histamine release by SR140333 was obtained when ovariectomised rats were treated with either progesterone or oestradiol before the stress session. In contrast, an inhibitory effect of SR140333 on SP induced histamine release was restored in samples from ovariectomised stressed females pretreated with combined oestradiol and progesterone. Regarding these data, we can conclude that ovarian steroids have a regulatory role in NK1 receptor induction during restraint stress at the colonic level and that both oestradiol and progesterone are needed to trigger this effect. A recent study demonstrated that exposure to an acute stressful event immediately and persistently enhances serum oestradiol. 24 The contribution of sex hormones to transcriptional regulation of genes encoding different components has already been described. Recent data indicate that oestrogens regulate kinin B2 receptor gene expression and function in female rats. 48 Furthermore, the hypothesis of NK1 receptor regulation by steroid hormone is supported by a previous study describing the regulation of tachykinin receptor expression by ovarian steroids in the rat uterus. 25 Other studies demonstrated that expression of the SP receptor gene is regulated by oestrogens by way of an oestrogen receptor mediated genomic control. 26 In other respects, testosterone was found to influence the binding of SP on human IM-9B lymphoblasts 49 suggesting a regulatory role for androgens on SP receptors.
In conclusion, the present findings provide evidence that restraint stress promotes NK1 receptor expression at the colonic level, as shown by the ability of an NK1 receptor antagonist to abolish in vitro SP induced histamine release in stressed animals only. Furthermore, activation of NK1 receptor by SP was found to be non-neuronally mediated which suggests direct involvement of mast cells or other immune cells triggering mast cell degranulation. Lastly, this study highlighted the regulatory potency of steroids and more particularly ovarian hormones in stress induced induction of NK1 receptors. Therefore, these data suggest that NK1 receptors, activated by SP, may play a major role in stress induced colonic dysfunction in rats, such as colonic or rectal hypersensitivity to distension. 4 The data also provide evidence for the role of sex hormones in the regulation of immune processes and support the role of these hormones in disease states highly represented in women where mast cells are involved.
